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INTRODUCTION 

The  class  of  Ti  alloy  known  as  metastable  6-phase  alloys  have  the 
potential  for  developing  excellent  strengths  in  thick  sections  while  re- 
taining good  fracture  resistance.  There  are  several  metastable  6-phase  alloy 
compositions  which  are  now  popular  in  the  U.S..  Included  in  these  is  the 
alloy  Ti-11.5Mo-4.5Sn-6Zr  known  as  6-III.  This  alloy  is  somewhat  leaner 
in  6-phase  stabilizing  elements  than  other  alloys  such  as  Ti-3Al-6Cr-8V-4Zr-4Mo 
(Beta  'c')  or  Ti-8Mo-8V-2Fe-3Al  (8-8-2-3).  Consequently,  B-III  can  form 
u-phase  which  is  undesirable  because  of  its  embrittling  tendencies.  This 
study  has  been  initiated  to  demonstrate  that  appropriate  thermomechanical 
working  operations  can  be  used  to  impart  excellent  age-hardening  characteris- 
tics to  6-1 I I while  avoiding  u-phase  formation.  Thus,  when  properly  processed, 
6-1 I I can  exhibit  a more  rapid  aging  response  than  Beta  'c'  or  8-8-2-3  but 
without  the  attendant  formation  of  u-phase. 

MATERIALS  AND  PROCEDURES 

We  have  examined  a heat  of  6-III  with  the  following  composition  by  weight; 

Mo  SnZrOiHiNiC  Fe  H 

11.60  4.94  5.72  0.164  0.0082  0.009  0.022  0.05  bal. 


The  starting  material  was  in  the  form  of  plate  approximately  20  mm.  thick. 

This  plate  was  then  hot  worked  to  a 40%  reduction  in  thickness  following 
one  of  two  schedules.  The  first  schedule  employed  a starting  temperature 
of  760°C  (1400°F)  and  a four  pass  rolling  operation  with  a finishing  temper- 
ature of  <650°C  (<1200°F).  This  material  is  designated  B-1  hereafter.  The 
second  schedule  employed  a starting  temperature  of  'v  750°C  (''-  1300°F)  and  a 
four  pass  isothermal  rolling  sequence,  with  a 5 min.  reheat  between  passes. 

This  material  is  designated  B-2  hereafter.  The  final  gage  of  each  of  these 
two  materials  was:  B-1,  12.3  mm.;  B-2,  12.5  mm.  These  materials  were  then 
aged  for  varying  times  at  425°C  (800°F),  468°C  (875°F)  and  -v  510°C  (950°F). 

Vickers  hardness,  light  metallography,  and  thin  foil  transmission  electron 
microscopy  (TEM)  were  then  performed  on  selected  samples  to  correlate  harden- 
ing response  with  microstructure. 

RESULTS  AND  DISCUSSION 

The  different  thermomechanical  treatments,  (TMT's),  B-1  and  B-2  produced 
final  products  with  significantly  different  microstructures,  and  hardening 
responses  during  subsequent  aging  below  the  working  temperature.  The  first 
of  these  observations  is  illustrated  in  Figure  1 which  shows  optical  and 
electron  transmission  micrographs  of  both  materials  in  the  as  hot-rolled 
condition.  The  most  striking  difference  is  the  partial  recrystallization  of 
B-2,  as  evidenced  by  large,  clear  B-grains  (Figure  1(a)),  and  the  differing 
amounts  and  size  of  the  primary  a which  forms  during  the  hot  working, 
reheating,  and  subsequent  cooling  from  the  working  temperature. 

Both  materials  are  effectively  worked  below  the  B transus  temperature 
of  745®C  (1375°F).  The  ability  of  the  B-2  material  to  partially  recry- 


stall Ize  results  from  the  Increased  holding  time  at  working  temperature 
for  this  condition.  The  B-2  material  also  exhibits  a smaller  volume 
fraction  of  the  a-phase,  as  well  as  large  a-particles  (compare  Figure  1(c) 
with  1(d).  This  can  be  rationalized  by  the  decreased  density  of  dislocations 
and  dislocation  sub-structure  In  B-2  as  compared  to  B-1. 

As  a result  of  the  more  uniform  and  Increased  defect  density  In  B-1, 

Its  hardening  response  Is  greater  than  B-2  during  aging  at  875  and  950°F 
as  shown  by  the  hardness  versus  time  curves  of  Figure  2.  This  agrees  with 
the  suggestion  (1)  that  an  Increased  defect  density  promotes  nucleatlon  of 
a-phase  during  aging  and  therefore  a finer  o-particle  size. 

As  discussed,  the  higher  maximum  hardness  In  B-1  results  from  the 
small  a-particle  size  and  high  volume  fraction,  as  Illustrated  In  Figure  3. 
These  particles  are  still  quite  large,  so  that  It  Is  unlikely  that  the  material 
Is  In  Its  peak  hardness  condition. 

Aging  B-III  at  800°F  usually  results  In  u»-phase  formation  (2).  However, 
TEM  studies  on  both  B-1  and  B-2  revealed  that  only  a-phase  had  formed.  Thus, 
the  presence  of  a high  density  of  nucleatlon  sites  can  completely  suppress 
b)-phase  formation,  at  least  for  the  aging  times  we  have  examined.  Since 
uj-phase  Is  a serious  embrittling  agent,  TMT  plus  aging  appears  to  be  a 
desirable  technique  for  achieving  high  hardness  without  Incurring  undue 
brittleness.  A similar  suggestion  has  been  made  by  Rosales  and  Summer  (1). 

ACKNOWLEDGEMENTS 

One  of  us  (JCW)  gratefully  acknowledges  the  support  of  The  Office 
of  Naval  Research  under  Contract  N00014-76-C-0409. 


REFERENCES 


1.  Rosales.  L.  A.  and  Sumner,  A.  W. , "Strengthening  of  beta  titanium 
alloy".  Report  No.  NA-73-191,  North  American  Rockwell  (7  March  1973). 

2.  Williams,  J.  C.,  Hickman,  B.  S.,  and  Marcus,  H.  L.,  "Effect  of  omega 
phase  on  the  mechanical  properties  of  titanium  alloys".  Met.  Trans., 
vol.  2,  p 1913  (1971). 


LIST  OF  FIGURES 


Figure  1.  The  microstructures  of  B-1  and  B-2,  In  the  as  hot-rolled 
condition;  a)  and  c)  are  B-2,  b)  and  d)  are  B-l.- 

Figure  2.  Hardness  versus  aging  time  for  the  three  aging  temperatures 
shown. 

Figure  3.  Microstructure  of  B-1  after  a 60  min.  aging  treatment  at 
800°F. 


- 4 - 


AVCRAOe  HARONCSS(VHN) 


Unclassfied 

security  Classification 


DOCUMENT  CONTROL  DATA  • R&O 

ulmmmiticmUmi*  o/  b^dy  0/  mbmitmei  mnd  tndmwtnd  snnotmtion  mu»i  bm  mh9n  th9  or*f«ll  fp»ti  !•  ^Immmttimd) 


I.  OmoiNATIMG  ACriVirV  (CQfpotmf  mUh^t) 

Carnegi e-Mellon  University 


niEPOAT  ICCUPITV  C L AttiriC A TlOH 


Unclassified 


Sb  aiteub 


II.  SUFPLtMKNTARV  NOTKS 

Published  in  Proceedings  of  Fourth 
International  Conference  on  Strength 
of  Metals  and  Alloys,  Nancy,  France, 


U.  SPONSONINO  MILITANY  ACTIVITY 

Office  of  Naval  Research 
|l\ugustJ976 


IS.  AUTNACT 


►This  paper  describes  the  effect  of  working  history  on  the  subsequent  micro- 
structure and  hardness  variations  during  aging  of  Ti-ll.5Mo-6Zr-4.5Sn.  Two 
different  thermomechanical  processing  schemes  were  used  to  vary  the  percent  re- 
crystallization and  dislocation  density  of  the  metastable  bcc  phase.  These 
samples  were  then  aged  at  different  temperatures  for  varying  times  and  the  in- 
creases in  hardness  were  monitored  using  Vicker's  hardness  measurements.  Signi- 
ficant differences  in  hardening  response  were  observed  depe^inq  on  wheth&r.  the  -- 
working  of  the  material  was  completed  well  below  or  at  the  6-^r^nsus.  Trans- 
mission electron  microscopy  was  used  to  correlate  the  age  hardening  response  with 
microstructure.  Significant  differences  in  primary  (distribution  were  detected-.]- 
in  the  as-hot-worked  materials  processed  by  the  two  different  schemes  and  these 
differences  helped  to  account  for  the  variations  in  age  hardening  response.  In 
both  materials,  it  was  shown  that  sufficient  heterogeneous  nucleation  sites  in  the 
form  of  dislocations  were  present  to  promote  direct  nucleation  of^-phase,  thereby 
eliminating  the  embrittling  «j-phase.  


orvi 


DD 


rouM 

I JAN  M 


1473 


Security  CUsBiflcation 


Unclassified 

Security  Classification 


14. 


KEY  WORDS 


LINK  A 


ROLC 


LINK  I 


LINK  C 


Titanium  alloys.  Electron  microscopy. 
Thermomechanical  Processing 


INSTRUCTIONS 


\.  ORIGINATINC  ACTIVITY:  Enter  the  neme  end  address 
of  the  contractor,  subcontractor,  grantee.  Department  of  De- 
fense activity  or  other  organization  feoiporate  author)  Issuing 
the  report. 

2a.  REPORT  SECURITV  CLASSIFICATION;  Enter  the  over- 
all security  classification  of  the  report.  Indicate  whether 
"Restricted  Data’’  Is  Included,  Marking  is  to  be  in  accord- 
ance with  appropriate  security  regulations, 

2b.  CROUP:  Automatic  downgrading  Is  specified  in  DoD  Di- 
rective 5200, 10  and  Armed  Forces  Industrial  Manual.  Enter 
the  group  number.  Also,  when  applicable,  show  that  optional 
markings  have  been  uaad  for  Croup  3 and  Group  4 as  author- 
ised. 

3.  REPORT  TITLE:  Enter  the  complete  report  title  In  all 
capital  letters.  Titles  In  all  cases  should  be  unclassified. 

If  a meaningful  title  caiuiot  be  selected  without  classlflca- 
tloiL  show  title  classification  In  all  capitals  In  parenthesis 
Immediately  following  the  title. 

4.  DESCRIPTIVE  NOTES:  If  appropriate,  enter  the  type  of 
report.  e.g.,  irUerlm,  progress,  summary,  anrwal.  or  fltMl. 

Give  the  Inclusive  dates  whan  a specific  reporting  period  la 
covered. 

5.  AUTHORfS):  Ertter  the  nama<s)  of  authoKs)  as  shosm  on 
or  In  the  report.  Enter  last  name,  first  name,  middle  Inltlak 
If  military,  shew  rank  and  branch  of  service.  The  name  of 
the  principal  author  is  sn  ahsoluls  minimum  requirement. 

6.  REPORT  DATE:  Enter  the  date  of  the  report  as  day, 
month,  year;  or  month,  yean  If  more  than  one  data  appears 
on  the  report,  use  data  of  publlcatloib 

7a.  TOTAL  NUMBER  OF  PAGES:  The  total  page  count 
should  follow  normal  pagination  procedures,  Le,,  etrter  the 
number  of  pages  contatnlng  Informatlotb 

7b.  NUMBER  OF  REFERENCES:  Enter  the  total  number  of 
references  cited  In  the  report, 

8s.  CONTRACT  OR  GRANT  NUMBER:  If  appropriate,  enter 
the  applicable  number  of  the  contract  or  grant  under  sdilch 
the  report  was  writtatL 

8b,  8c,  «i  8d.  PROJECT  NUMBER:  Enter  the  appropriate 
military  department  Identification,  such  aa  project  number, 
subproject  number,  system  numbara,  taak  number,  etc, 

9e.  ORIGINATOR’S  REPORT  NUMBER(S);  Enter  the  offi- 
cial report  number  by  which  the  document  will  be  Identified 
and  controlled  by  the  originating  activity.  Thla  number  must 
be  unique  to  this  report. 

9b.  OTHER  REPORT  NUMBERfS):  If  the  report  haa  been 
assigned  any  other  report  numbars  f sfrber  by  rbe  originator 
or  by  lbs  sponsor),  also  enter  this  numbeKs). 

10.  AVAILABILITY/LIMITATION  NOTICES:  Enter  any  llm-' 
Itations  on  further  dlaaeminatlon  of  the  report,  other  than  those 


Imposed  by  security  clssslflcatlon,  using  stsndsrd  statements 
such  as: 

(1)  "Qualified  requesters  may  obtain  copies  of  this 
report  from  DDO" 

(2)  "Foreign  announcement  and  dissemination  of  this 
report  by  DDC  la  not  authorized." 

(3)  "U.  S.  Government  agendas  may  obtain  copies  of 
this  report  directly  from  DDC.  Other  qualified  DDC 
users  shall  request  through 

• 8 

(4)  "U.  S.  military  agencies  may  obtain  copies  of  this 
report  directly  from  DDC  Other  qualified  users 
shall  request  through 

89 


(5)  "All  distribution  of  this  report  is  controlled  Rat- 
ified DDC  users  shall  request  through 

88 

If  the  report  has  been  furnished  to  the  Office  of  Technical 
Services,  Department  of  Commerce,  for  sale  to  the  public.  Indi- 
cate thla  fact  and  enter  the  price.  If  knowis 

IL  SUPPLEMENTARY  NOTES:  Use  for  additional  ezpl ana- 
tcry  notaa. 

IZ  SPONSORING  MILITARY  ACTIVITY:  Enter  the  name  of 
the  departmental  project  office  or  laboratory  sponsoring  (pay- 
ing for)  the  research  and  davelopmenL  Include  address, 

13.  ABSTRACT:  Enter  an  abstract  giving  a brief  and  factual 
summary  of  the  document  Indicative  of  the  report,  even  though 
It  may  also  appear  elsewhere  In  the  body  of  the  technical  re- 
port. If  addlUoiMl  apace  Is  required,  a continuation  sheet  shall 
be  attached. 

It  is  highly  desirable  that  the  abstract  of  classified  reports 
be  urrolasslfied.  Each  paragraph  of  the  abstract  shall  end  with 
aa  Indication  of  the  military  security  classincatlon  of  the  In- 
formation In  the  paragraph,  represented  as  fTS).  (S),  (C),  or  (V). 

There  Is  no  limitation  on  the  length  of  the  abstract.  How- 
ever, the  suggested  length  Is  from  ISO  to  22S  words. 

14.  KEY  WORDS:  Kay  words  are  technically  maanlnghil  terms 
or  short  phrases  that  characterize  a report  and  may  be  used  as 
Indoz  entries  for  cataloging  the  report.  Key  srorda  must  be 
selected  so  that  no  security  classification  Is  required.  Identi- 
fiers, such  as  equipment  m^el  designation,  trade  name,  military 
project  code  name,  geographic  location,  may  be  used  as  key 
woHs  but  wilt  be  followed  by  an  Indication  of  technical  eon- 
teat.  The  assignment  of  links,  rqles,  and  weights  Is  optional. 


Security  Clessiflcation 


